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Abstract 
Laser technology provides advantages for paper material processing as it is non-contact method and provides freedom of geometry 
and reliable technology for non-stop production. Reason for low utilization of lasers in paper manufacturing is lack of published 
research. This is main reason to study utilization of on-site multi-monitoring system (MMS) in characterization of interaction 
between laser beam and paper materials. Target of MMS is to be able to control processing of paper, but also to get better 
understanding of basic phenomena.  
Laser equipment used was TRUMPF TLF 2700 CO2 laser (wavelength 10.6 μm) with power range of 190-2500 W. MMS consisted 
of spectrometer, pyrometer and active illumination imaging system. This on-site study was carried out by treating dried kraft pulp 
(grammage of 67 g m-2) with different laser power levels, focal plane position settings and interaction times. 
It was concluded that spectrometer and pyrometer are best devices in MMS; set-up of them to laser process is easy, they detect data 
fast enough and analysis of data is easy afterwards. Active illumination imaging system is capable for capturing images of different 
phases of interaction but analysis of images is time-consuming. When active illumination imaging system is combined with 
spectrometer and pyrometer i.e. using of MMS, it reveals basic phenomena occurring during interaction. For example, it was 
noticed that holes created after laser exposure are formed gradually. Firstly, small hole is formed to interaction area and after that 
hole expands, until interaction is ended. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Lappeenranta University of Technology (LUT). 
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1. Main text  
It is known Laakso et al. (2004), Malmberg et al. (2006), Powell (1993), Ramsay and Richardson (1992) that laser 
beam is suitable for processing of paper materials. In this study, term of paper material refers to all wood-fibre based 
materials, like dried pulp, copy paper, newspaper, board, cardboard, corrugated board, tissue paper etc. Accordingly, 
laser processing in this study means all laser treatments, like cutting, partial cutting, marking, creasing, perforation, 
engraving etc. which can be executed to paper materials with laser beam. 
 
Nomenclature 
AH hole area, mm2    BCA beam cross-section area, mm2 
BHR86 beam-hole-ratio for BCA86, %  Epulse pulse energy, J    
F   fluence, J mm-2    Plaser laser power, W    
tpulse pulse length, s     
Laser technology has been applied to paper material processing since 1970’s, when one of the first applications was 
scoring of cigarette filter paper with laser beam. In 1980´s, technological development enabled more advanced laser 
equipment and, due to that, also increased number of applications. Laser cutting was performed in 1980´s with speed 
of hundreds of metres per minute. In 1990s, laser technology increased its volume in papermaking industry; lasers at 
paper industry were used for different perforating and scoring applications. Reason for this was advantages of this 
novel technology, like increased reliability of technology and relatively decreased price of equipment. Very important 
factor increasing the use of laser equipment in paper industry was also availability of published research and scientific 
articles in beginning of 1990´s (Hülsbusch 1991, Federle&Keller 1992a, Federle&Keller 1992b, Mommsen 1990). In 
beginning of 2000´s, laser equipment developed a lot technically and their price decreased to such that whole 
technology was commercially available and industrial implementation was simple. Malmberg et al. (Malmberg et al. 
2006) received very high speeds up to 4700 m min-1 with lightweight-coated (LWC) paper with laser cutting of paper 
materials.   
Laser technology provides many advantages for processing of paper materials: non-contact method, freedom of 
processing geometry, reliable technology for non-stop production etc. (Hovikorpi et al. 2004, Joore&Hüsslage 2003). 
Especially packaging industry is very promising area for laser processing applications; laser creasing, laser cutting 
and laser marking could be done with same laser equipment (Henning 2001). However, there is only few industrial 
laser processing applications worldwide even in beginning of 2010´s. One reason for small-scale use of laser 
technology in paper material manufacturing is that there is a shortage of published research and scientific articles. 
Another reason for that is coloration of cut edges of paper material during interaction and especially after this 
interaction as function of time (Stepanov et al. 2011a, Stepanov et al. 2011b). 
These all are the main reasons for selection of the topic of this study to utilization of multi-monitoring system (MMS) 
of laser processing of paper material. Target of this monitoring is to be able to control the process, but also to get 
better understanding of basic phenomena during interaction between laser beam and paper material. Characterization 
and understanding of these basic phenomena can also help to further develop process (Vänskä et al., 2013). Large-
scale industrial implementation of laser cutting of paper materials can be reality only after full understanding of 
phenomena involved.  
As a practical example of use of on-site MMS, a paper machine using laser cutting could benefit greatly from this 
kind of system. When the system informs about a disturbance in cutting process, laser equipment receives immediately 
a command to increase laser power and this way cutting continues normally without any problems. This way, for 
example, several web brakes could be avoided and remarkable economical savings could be achieved. 
2. Main text  
Aim of the experimental part of this study was to study utilization of multi-monitoring system (MMS) in 
examination of laser beam and paper material interaction. In addition, an evaluation of MMS was carried out. This 
study was done in Laboratory of Laser Processing at Lappeenranta University of Technology (Finland). Laser 
equipment used in this study was TRUMPF TLF 2700 CO2 laser (wavelength 10.6 μm) with power range of 190-2500 
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W. Study of utilization of MMS was executed by treating dried kraft pulp (grammage of 67 g m-2) with different laser 
power levels, focal point settings and interaction times. Interaction between laser beam and dried kraft pulp was 
characterised with assist of MMS developed for this study and it consisted of spectrometer, pyrometer of and active 
illumination imaging system. Pyrometer and spectrometer are used for observation of radiation emitted by process. 
Active illumination imaging system is used to capture images from bright sources still avoiding the high brightness 
of the source to cause over exposure of the camera cell. Result of interaction was also analysed afterwards with 
microscope. This way goal in this study was also to characterize process behaviour and quality.  
3. Used material and equipment 
3.1. Material 
Laser treatment of paper material was carried out with dried kraft pulp with grammage of 67 g m-2. Dried kraft 
pulp was selected to be test material since it is pure natural material without any additional components. The dried 
kraft pulp mixture selected was such a mixture of birch pulp and pine pulp that it represents usual dried kraft pulp 
content of commercial paper grades. Dried kraft pulp samples used for study were so called handsheets manufactured 
in Laboratory of Fibre and Paper Technology of LUT Chemistry at Lappeenranta University of Technology (Finland). 
Handsheets were manufactured according to standards of SCAN-C 26:76 and SCAN-M 5:76. Properties of dried kraft 
pulp used in this study are introduced in Table 1.  
Table 1. Properties of dried kraft pulp used in this study. 
Property of material Dried kraft pulp 
Birch pulp content, % 60 
Pine pulp content, % 40 
Grammage, g m-2 66.9 
Thickness, μm 73.6 
 
to standard SCAN-P 2:75 such that the water content in samples was 6 - 8 % during experiments. Samples were 
wrapped into aluminium folio and stored in airtight and light proof plastic bags before cutting trials to keep the water 
content constant and avoid contact with day light.  
3.2. Laser equipment and work station 
The laser source used in experiments was a Trumpf TLF 2700 HQ CO2 laser which produces laser beam with 
wavelength of 10.6 μm. This wavelength has the highest absorption for paper and board cutting applications available 
in high power Juselius (1974), Malmberg et al. (2006), Schable (1993). This laser equipment was operated in power 
range 115 - 2700 W. Trumpf CO2 laser is a radio frequency exited fast-axial-flow laser. HQ states high beam quality.  
Laser beam is delivered to XY table with mirrors, circular polarizer and focused to sample with Precitec DXN 
cutting head. Focal length of 127 mm was used in this study. Vacuum suction trough the working table of XY station 
keeps samples fixed to table during laser processing. Suction also removes fumes produced during laser beam and 
material interaction. Before each cutting the following parameters are set: focal plane position, nozzle stand-off 
distance, minimum and maximum laser power and cutting gas pressure.  
3.3. Beam analysis equipment  
Beam analysis was carried out by Primes FocusMonitor device of Department of Production Engineering of 
Tampere University of Technology (Finland). It provides fully automated caustic measurement with the integrated z-
axis and determination of focal point width and position based on the measured intensity distribution. This equipment 
can measure power range of 100 W-20 kW for CO2 laser. Principle of Primes FocusMonitor is based on rotating 
pinhole. This pinhole is used to couple out small part of radiation in the focus region Anon (2012). 
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3.4. Multi-monitoring system (MMS)  
The used spectrometer Ocean Optics HR2000+-spectrometer is used to analyse intensity of radiation emitted by 
laser beam and paper material interaction over wavelength range of 194-652 nm. Unit of intensity is expressed as Au 
(arbitrary unit). Maximum spectral intensity was determined to be the highest value of intensity of emitted radiation 
during measurement over whole wavelength range. As each laser power, focal plane position and pulse length 
parameter combination was repeated four times, so there were also four different spectrometer measurements. Average 
of four repeats was calculated for further analyses for this study. It was noticed by Piili (2009), Piili et al. (2009) that 
this maximum spectral intensity peak appears always in wavelength of 588-589 nm. This study was carried out with 
copy paper. This is in range of yellow light, so it refers to maximum spectral intensity appearing in the range of yellow 
light. This intensity peak is also detected with different laser processes, for example in studies of laser additive 
manufacturing of ceramic materials Taimisto et al. (2011) and laser additive manufacturing of metallic materials Lehti 
et al. (2011). So this refers to the fact that appearance of peak intensity in range of wavelength 588-589 nm is not 
related to material or to laser process. 
Pyrometer, Temperature-Control-System (TCS), is used to analyse interaction temperature during laser beam and 
paper material interaction. Pyrometers have been used in laser technology Pantsar (2005), Salminen and Fellman 
(2007) to measure the thermal distribution in laser processes. Measuring optics captures this thermal radiation and 
transmits data into pyrometer, which divides the radiation in two measuring ranges. Measuring ranges are between 
1200 nm and 1400 nm and between 1400 nm and 1700 nm. This allows a temperature measurement at different 
surfaces or materials without knowing the emissivity coefficient of the material and the change of it as function of 
temperature. Pyrometer is capable of measuring temperatures above 488°C. Maximum temperature was defined to be 
highest temperature during measurement.  
 Each laser power, focal plane position and pulse length parameter combination was repeated four times, so there 
was as well four different pyrometer measurements. Average of four repeats was determined for further analyses for 
this study. Active image illumination system is designed for capturing images of bright objects Fennander et al. (2009). 
Operating principle consists of use of single wavelength light source (diode laser). The single wavelength is used to 
overcome the light of the process; the camera has an optical filter with transmission to equivalent wavelength. This 
solution prevents solarise/overexposure of the cameras CCD array. Even with low speed camera this arrangement 
enables visualisation of phenomena that are very difficult to found out by human eye or any other monitoring methods 
Lehti et al. (2011). Image capturing was used for each laser power, focal plane position and pulse length parameter 
combination and it was repeated four times, so there was as well four different set of captured images. Aim of the 
experimental part of this study was to study utilization of multi-monitoring system (MMS) in examination of laser 
beam and paper material interaction. In addition, an evaluation of MMS was carried out.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Experimental set-up used for monitoring of laser beam and dried kraft pulp interaction. 
Cutting head
Active illumination imaging system
Dried pulp material
Spectrometer
PyrometerLaser beam
Area of laser beam and dried
pulp material interaction
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4. Experimental procedure 
4.1. Multi-monitoring system (MMS) 
In this study, a multi-monitoring system (MMS) consisting of spectrometer sensor, pyrometer and illumination 
source and camera were used for analysis of interaction between laser beam and paper material in fixed location in 
XY table with off-axis view to process. Fig. 1 represents set-up used in this study. In this study, a multi-monitoring 
system (MMS) consisting of spectrometer sensor, pyrometer and illumination source and camera were used for 
analysis of interaction between laser beam and paper material in fixed location in XY table with off-axis view to 
process. Laser treatment of dried kraft pulp was carried out without nozzle of cutting head, since it was disturbing 
“visibility” of monitoring sensor. Gas pressure of cutting gas was 0.5 bar so that gas was shielding focus lens from 
smoke and debris released during laser treatment of dried kraft pulp. Before each treatment all monitoring devices 
were switched on and then laser treatment was executed and after that each monitor device were switched off. 
4.2. Equations and parameters used 
As different pulse lengths were used, pulse energy was determined first, as Equation 1 shows. 
 
pulse
laser
pulse t
P
E            (1) 
When pulse energy is divided by BCA, fluence can be calculated as Equation 2 shows. 
 
BCAt
P
BCA
E
F
pulse
laserpulse            (2) 
Very often beam diameter is represented as diameter of 1/e2=0.135 times of total power when Gaussian beam 
profile (TEM00) is discussed. This diameter contains 86 % of all highest laser power (Steen 1991, Siegman 1997). 
Beam cross-section area (BCA86) means that cross-section area of laser beam where beam hits sample top surface and 
cross-section area contains 86 % of the beam power. Table 2 shows parameters used in this test and how BCA86 is 
calculated. BCA86 is a beam cross-section area which has 86% of all laser power. BHR86 is calculated as Equation 3 
illustrates. 
 
%100
86
86  
HA
BCA
BHR          (3) 
Table 2. Parameters used in this study and calculation of BCA86. 
Test ID 
Laser 
power, W 
Focal plane 
position, mm 
Radius of 
beam, μm 
Radius of 
beam, mm 
Area of 
beam, mm2 
BCA86, mm2 
1 139 3.0 246.0 0.2460 0.1901 0.1901 
2 145 2.0 172.0 0.1720 0.0929 0.0929 
3 139 1.0 120.0 0.1200 0.0452 0.0452 
4 142 0.0 65.8 0.0658 0.0136 0.0136 
5 140 -1.0 70.6 0.0706 0.0157 0.0157 
6 264 3.4 250.0 0.2500 0.1963 0.1963 
7 266 2.4 190.0 0.1900 0.1134 0.1134 
8 264 1.4 129.0 0.1290 0.0523 0.0523 
9 266 0.4 75.4 0.0754 0.0179 0.0179 
10 268 -0.6 68.6 0.0686 0.0148 0.0148 
11 384 3.5 246.0 0.2460 0.1901 0.1901 
12 387 2.5 175.0 0.1750 0.0962 0.0962 
13 384 1.5 118.0 0.1180 0.0437 0.0437 
14 384 0.5 66.8 0.0668 0.0140 0.0140 
15 386 -0.5 74.0 0.0740 0.0172 0.0172 
16 494 3.8 244.0 0.2440 0.1870 0.1870 
17 494 2.8 175.0 0.1750 0.0962 0.0962 
18 494 1.8 115.0 0.1150 0.0415 0.0415 
19 503 0.8 68.8 0.0688 0.0149 0.0149 
20 503 -0.2 79.3 0.0793 0.0198 0.0198 
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5. Results and discussion 
Fig. 2 illustrates effect of fluence to BHR86 as average focal plane position is changing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Fluence as function of average focal plane position vs. BHR86. 
As it can be seen from Fig. 2, decrease in average focal plane position is decreasing BHR86 value dramatically. 
When focal point is located close to sample top surface, hole area compared to beam cross-section area increases. This 
means that when focal point is located upwards from sample top surface, hole area equal to beam cross-section area 
is produced. Ability of beam to evaporate more material decreases as average focal plane position is moved upwards 
from surface of the work piece. Correlation between fluence and BHR86 as function of average focal plane position 
is good. When BHR86 limit fluence is calculated by derivating equations in Fig. 2, they can be grouped as Table 3 
illustrates. As Table 3 shows, it is assumed that grouping also refers to different interaction mechanisms. Fig. 3 shows 
focal plane position vs. maximum spectral intensity divided into assumed interaction mechanism zones according to 
Table 3.  
Table 3. Grading of average focal plane positions of into three groups based on BHR86 limit fluence value. 
Average focal plane position, mm BHR86 limit fluence,  J mm-2 Group Assumed mechanism 
3.4  271 
1 A 
2.4  351 
1.4  172 2 A-B 
0.4   21 
3 B 
-0.6   16 
 
As from Fig.3 can be seen, maximum spectral intensity increases as focal plane position is changed from -1 mm to 
1 mm in range of interaction mechanism A. When focal point is located from position 2 mm to position 4 mm in range 
of interaction mechanism B, maximum spectral intensity increases but less than in range of interaction mechanism A. 
Increase of maximum spectral intensity as function of focal plane position is largest in midzone A-B. Fig. 4 shows 
focal plane position vs. maximum temperature. 
As from Fig.4 can be seen, in range of interaction mechanism A maximum temperature increases as focal plane 
position is changed from -1 mm to 1 mm. Conclusion from range of interaction mechanism B is difficult to draw since 
there is only few data points. Nevertheless, it is assumed that in range of interaction mechanism B maximum 
temperature turns to decrease, as focal point is located from position of 2 mm to position of 4 mm. Maximum 
temperature is increasing in interaction midzone A-B as focal point is located from 1 mm to 2 mm. Now Table 3 can 
be rewritten as Table 4 shows. 
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Fig. 3. Focal plane position vs. maximum spectral intensity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Focal plane position vs. maximum temperature.  
As from Table 4 can be seen, as in interaction mechanism A focal point is near sample top surface, maximum 
spectral intensity increases is high and maximum temperature low whereas in interaction mechanism A focal point is 
far away upwards from sample top surface, maximum spectral intensity is low and maximum temperature high. When 
average focal plane position 0.4 mm (interaction mechanism A) is used, interaction temperature reaches values over 
488°C (pyrometer measures temperatures above this temperature) and shows changes of interaction temperature very 
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accurately. Spectrometer shows single peak of intensity of emitted radiation in wavelength of 588-589 nm but also 
increase of intensity level in wavelength range of ~475-652 nm. 
Table 4. Grading of average focal plane positions of into three groups. 
Average focal plane position, mm Group Interaction mechanism Maximum spectral intensity Maximum temperature 
3.4 
1 B Low Low 
2.4 
1.4 2 A-B Medium High 
0.4 
3 A High Low 
-0.6 
 
This wavelength range is within wavelength range of visible light. It is obvious that in interaction mechanism A, 
high temperatures are present and they can be also seen not only as high spectral intensity as single peak of intensity 
of 588-589 nm but also as an increase in intensity in wavelength range of ~475-652 nm. CIE chromaticity diagram 
Ye et al., (2010), Lynn et al., (2012) reveals that wavelength 588-589 nm corresponds to temperature ~1750°C. 
Therefore, it can be concluded that each time single peak of intensity in wavelength of 588-589 nm appears it refers 
to sudden temperature of ~1750°C. It is surprising note that pyrometer does not detect this temperature. It can be 
explained by fact that as material “directly evaporates” to gaseous phase, there is no molten phase present which 
pyrometer could measure. So this phase transition from solid material to gas can be noticed by spectrometer but not 
with pyrometer.  
When average focal plane position of 3.4 mm (interaction mechanism B) is used, there is only one temperature 
measurement detected by pyrometer. Spectrometer detects in most cases just a single peak of intensity of emitted 
radiation in wavelength of 588-589 nm. One reason for this is the fact that as this wavelength refers to temperature of 
~1750°C; it is not detected by pyrometer as phase transition is from solid to gaseous. Table 5 shows conclusions of 
spectrometer and pyrometer measurements of interaction mechanism A and B.  
Table 5. Features of interaction mechanism A and B based on spectrometer and pyrometer measurement data. 
Average focal plane 
position, mm 
Interaction 
mechanism 
Spectrometer data Pyrometer data 
Single peak of intensity in 
585 nm 
Intensity in wavelength range of 
475- 625 nm 
Detected temperature 
3.4 
B Yes No One measurement 
2.4 
0.4 
A Yes Yes 
Most of the 
measurements -0.6 
 
It can be noticed from Table 6 that active illumination imaging system has been able to capture images of hole 
formation. As from Fig. 3 can be seen, maximum spectral intensity increases as focal plane position is changed from 
-1 mm to 1 mm in range of interaction mechanism A. When focal point is located from position 2 mm to position 4 
mm in range of interaction mechanism B, maximum spectral intensity increases but less than in range of interaction 
mechanism A. Increase of maximum spectral intensity as function of focal plane position is largest in midzone A-B. 
Table 6 shows that holes are formed gradually: first small hole to interaction area of centre of laser beam cross-section 
is formed and after that as function of interaction time hole expands, until interaction between laser beam and dried 
kraft pulp is ended. Table 6 reveals something very important: when hole images of small holes in beginning of laser 
beam and dried kraft pulp interaction are observed, they have very good quality. It is obvious that black colour appear 
as function of interaction time. This is extremely important result as coloration of cut edge of paper material has been 
one of major things to restrain industrial implementation of laser cutting of paper materials. 
6. Evaluation of usability of MMS 
One aim of experimental part of this study was to examine if it is possible to monitor interaction between laser 
beam and paper material and how on-site MMS could be applied to analyze this interaction. As a practical example 
of use of on-site MMS, a paper machine using laser cutting could benefit greatly from this kind of system. When the 
system informs about a disturbance in cutting process, laser equipment receives immediately a command to increase 
laser power and this way cutting continues normally without any problems. This way, for example, several web brakes 
could be avoided and remarkable economical savings could be achieved. Table 7 shows comparison between different 
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monitoring methods of interaction between laser beam and paper material.  
It was noticed in this study that the best result can be achieved when all these methods are used simultaneously 
i.e. on-site MMS is used, as these equipment can capture different features of interaction of laser beam and paper 
material. Therefore, these devices are very useful in fundamental studies and help to analyze processes that are 
challenging to be analyzed with bare human eye or with any other method. 
7. Conclusions 
Laser technology provides advantages for paper material processing as it is non-contact method and provides 
freedom of geometry and reliable technology for non-stop production. Reason for low utilization of lasers in paper 
manufacturing is lack of published research. This is main reason to study utilization of on-site multi-monitoring system 
(MMS) in characterization of interaction between laser beam and paper materials. Target of MMS is to be able to 
control processing of paper, but also to get better understanding of basic phenomena. 
 
Table 6. Images of hole formation captured by active illumination imaging system and corresponding spectrometer and pyrometer data. 
Laser power 503 W Laser power 503 W 
Focal plane position 0.8 mm Focal plane position 0.8 mm 
Pulse length 10 ms Pulse length 90 ms 
Hole diameter 0.67 mm Hole diameter 0.67 mm 
  
  
  
Table 7. Comparison between monitoring methods of interaction between laser beam and paper material. 
Feature Spectrometer Active illumination imaging system Pyrometer 
Integration time Slow, 50 – 100 ms Fairly slow, 40 ms (depends of camera) Very good, ~2.5 ms 
Accuracy Very good Good Very good 
Ease of installation Good Fairly slow Good 
Amount of measuring data High Very high Low 
Price Medium Expensive Medium 
 
 
It was concluded that spectrometer and pyrometer are best devices in MMS; set-up of them to laser process is easy, 
they detect data fast enough and analysis of data is easy. Active illumination imaging system is capable for capturing 
images of different phases of interaction but analysis of images is time-consuming. When active illumination imaging 
system is combined with spectrometer and pyrometer i.e. using of MMS, it reveals basic phenomena occurring during 
interaction. For example, it was noticed that holes created after laser exposure are formed gradually. Firstly, small 
hole is formed to interaction area and after that hole expands, until interaction is ended.  
Utilization of MMS in analysis of interaction between laser beam and paper material revealed that holes during 
interaction are formed gradually. Firstly, small hole to interaction area of centre of laser beam cross-section is formed. 
After that as function of interaction time, hole expands until interaction between laser beam and dried kraft pulp is 
ended. When hole images of small holes in beginning of laser beam and dried kraft pulp interaction are observed, they 
have very good quality. It is obvious that black colour appear as function of interaction time. This is extremely 
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important result as coloration of cut edge of paper material has been one of major things to restrain industrial 
implementation of laser cutting of paper materials. 
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